Neonatal stress has wide-ranging consequences for the developing brain, including the medullary cardiorespiratory network. In rat pups, the reflexive cardiorespiratory inhibition triggered by the presence of liquids near the larynx is augmented by neonatal maternal separation (NMS), especially in males. Sex-specific enhancement of synaptic connectivity by NMS might explain this cardiorespiratory dysfunction. Microglia influence the formation, maturation, activity and elimination of developing synapses, but their role in the wiring of medullary networks is unknown.
INTRODUCTION
Perinatal stress interferes with normal brain development and is acknowledged to be a significant risk factor for a broad range of diseases that emerge at various life stages, with manifestations often differing between the sexes (Charil, Laplante, Vaillancourt, & King, 2010; Shonkoff, Boyce, & McEwen, 2009; Weinstock, 2007) . Although the neural networks that generate and regulate breathing are very robust, there is no evidence indicating that they are exempt from (Kinney & Thach, 2009; Rousseau et al., 2017; Spatola et al., 2011) .
Neonatal maternal separation (NMS) is an established and clinically relevant model of stress that disrupts development of the cardiorespiratory control network through sex-specific effects that persist into adulthood (Kinkead, Guertin, & Gulemetova, 2013; Kinkead, Tenorio, Drolet, Bretzner, & Gargaglioni, 2014; Rousseau et al., 2017) .
Respiratory measurements performed on 12-day-old rat pups, 2-4 h after the last bout of NMS, show that neonatal stress augments respiratory instability and apnoeas, especially in males (Gulemetova & Kinkead, 2011) . More recently, we showed in 14-to 15-day-old rat pups that the apnoeas triggered by stimulating the laryngeal chemoreflex are of longer duration in stressed pups than in control
New Findings
• What is the central question of the study? Does neonatal stress, in the form of neonatal maternal separation, influence the maturation of microglial density, morphology and neuronal signalling in medullary regions regulating cardiorespiratory function in rat pups?
• What is the main finding and its importance?
Using Iba-1 immunohistochemistry, we show that neonatal maternal separation augments microglial density and the proportion of cells with an amoeboid morphology in the medulla. Although the current understanding of the effect of early life stress on medullary development is relatively limited, these data show that within this area, microglia are affected by neonatal stress. Microglia could therefore be important effectors in cardiorespiratory disorders resulting from maternal separation. pups; NMS also augments the concurrent bradycardias and O 2 desaturations, especially in males (Baldy, Chamberland, Fournier, & Kinkead, 2017) . The caudal region of the nucleus of the solitary tract (cNTS) and the dorsal motor nucleus of the vagus (DMNV) are two important structures regulating this reflex, and wholecell recordings performed in these structures have shown that NMS increases the frequency and amplitude of spontaneous EPSCs (sEPSCs) in the DMNV of males but not females. Although NMS did not influence EPSCs in the cNTS, the amplitude measured in males was greater than in females. These sex-and region-specific effects indicate that synaptic inputs converging onto DMNV neurons are more numerous in stressed pups than in control animals, and are therefore likely to contribute to the larger bradycardias observed in these animals.
In rats, the testosterone surge that begins late in gestation (embryonic day 18) and subsides a few hours after birth is essential for sexual differentiation of the brain (McCarthy, 2010; Weisz & Ward, 1980) . Anomalies in the regulation of testosterone in rat pups and victims of sudden infant death syndrome (Emery, Krous, Nadeau-Manning, Marck, & Matsumoto, 2005) suggest that stress-related disruption of neuroendocrine function contributes to the increased prevalence of cardiorespiratory failure in males (Rousseau et al., 2017) . However, the mechanisms by which sex and stress hormones interfere with synaptic function in medullary regions regulating cardiorespiratory function have received limited, if any attention.
Microglia are resident immune cells of the CNS that play an active role in brain maturation by eliminating supernumerary neurons and performing synaptic pruning during postnatal development (Paolicelli & Ferretti, 2017; Schafer, Lehrman, & Stevens, 2013 Hui, Bisht, & Tremblay, 2017) and that endocrine disruption interferes with microglial colonization of the brain in a region-and sexspecific manner (Rebuli, Gibson, Rhodes, Cushing, & Patisaul, 2016) , it is plausible that the abnormal neuroendocrine signals associated with NMS cause the synaptic dysfunction (and the abnormal cardiorespiratory phenotype) observed in stressed male pups. To address this issue, we first used immunohistochemistry at the light microscopic level to test the hypothesis that NMS augments microglial density and promotes an immature, amoeboid morphology in the cNTS and DMNV. Region-and sex-specific effects were both considered in this analysis.
Dynamic interactions with other CNS cell types, especially neurons, are another important determinant of microglial activity. Neurons produce the chemokine fractalkine (CX 3 CL 1 ), which binds to its unique receptor (CX 3 CR 1 ), mainly expressed by microglia in the CNS and shown to regulate their migration and contribution to synaptic pruning (Arnoux & Audinat, 2015; Paolicelli, Bisht, & Tremblay, 2014) . In this process, CX 3 CL 1 helps to maintain a healthy microenvironment by preventing the release of neurotoxic pro-inflammatory cytokines from microglia (Cook et al., 2010; Limatola & Ransohoff, 2014) . To determine whether stress disrupts fractalkine signalling in the medulla, we then used western blot analysis to quantify the protein levels of CX 3 CL 1 and CX 3 CR 1 in medullary homogenates from NMS and control pups of both sexes.
METHODS

Ethical approval
Université Laval Animal Care Committee approved all the experimental procedures used in this study (CPAC protocol no. 2016020 ); the protocols were in accordance with the guidelines detailed by the Canadian Council on Animal Care. All personnel involved in this research followed appropriate training and complied with the institutional and national ethical guidelines, which are consistent with the standards of Experimental Physiology.
Origin and source of the animals
Experiments were performed on 80 Sprague-Dawley male and female rat pups aged between postnatal days (P)14 and 15. Details on the animal distribution amongst groups and sex are provided in the Results section for each experimental series. All animals were born and raised in our animal care facilities. Dams and males used for mating were obtained from Charles River Canada (St-Constant, QC, Canada).
Access to food and water
Rats were supplied with food and water ad libitum and housed in standard laboratory and animal care conditions (21 • C, 12 h-12 h darklight cycle; lights on at 07.00 h and off at 19.00 h). Experiments were performed on 14-to 15-day-old rat pups, 2 days after completion of the NMS protocol.
Anaesthesia protocol
All experiments were performed on brain tissue harvested from rat pups that were deeply anaesthetized with ketamine and xylazine (80 and 10 mg kg −1 , I.P., respectively). This procedure was terminal, because the dose used was lethal and was followed by exsanguination.
Mating procedures and neonatal stress protocol
Virgin females were mated and delivered 10-15 pups. Two days after delivery, litters were culled to 12 pups, when necessary, keeping a roughly equal number of males and females. Pups in excess were first anaesthetized with cold exposure and then killed by decapitation.
The NMS protocol was identical to the one used in previous studies . Briefly, the entire litter was separated from their mother for 3 h day −1 (09.00-12.00 h) from postnatal day 3 to 12.
Separated pups were placed in a temperature-controlled (35 • C) and humidity-controlled (45%) incubator and isolated from each other by an acrylic partition. This temperature was chosen because it is within the thermoneutral range for rat pups of this age (Mortola, 2001 ). Data obtained from this experimental group were compared with those of animals in which the nest was not disturbed and therefore not subjected to the NMS procedure. As discussed previously (Gulemetova & Kinkead, 2011) , these animals are the most desirable control group for investigations on the effects of maternal separation (Lehmann & Feldon, 2000) . In each series of experiments, each group of rats was composed of animals originating from multiple litters to avoid litterspecific effects.
Immunolabelling of microglia
Ionized calcium-binding adapter molecule 1 (Iba-1) is a selective marker for macrophages, including resident microglia in the CNS.
Unless the blood-brain barrier is compromised, infiltration of peripheral macrophages into the CNS is limited (Ginhoux & Prinz, 2015) .
These experiments were performed on 24 pups aged between 14 and 15 days; each group (NMS versus control; males versus females) was Lysate samples were diluted to obtain the same quantity of protein 
Data analysis
The cNTS and DMNV were first identified using the area postrema as a landmark (see Figure 1a ). Analysis was performed at level corresponding to bregma −10.4 mm in the developing rat brain atlas (P14; Khazipov et al., 2015) . Images were captured with an optical microscope (Nikon, Eclipse E600) equipped with a digital The experimenter was blind to the experimental conditions.
Morphological analysis was performed on each microglial cell counted that was in focus. The morphological index is commonly used as an indicator of microglial functional state; cells with a low index are highly ramified, which generally reflects a surveying state (Graeber & Streit, 2010) . During development, however, the degree of ramification also reflects the maturity of the cells (Harry, 2013; Wu, Dissing-Olesen, MacVicar, & Stevens, 2015) . The following aspects were quantified with ImageJ: size of the soma; primary arborization area; nearest neighbouring distance (an index of cell dispersion); and morphological index (soma area/arborization area).
Given that preliminary analysis of lateralization was not significant for any of the variables considered, counts from the right and left hemispheres were averaged. For each animal, data were obtained from four sections and the resulting values averaged. The results were expressed relative to the area analysed (cell density per square millimetre).
Statistics
Analysis of variance was used to assess the effects of stress (control versus NMS) and sex (male versus female). In the first series of experiments, the structure was considered as a factor in the analysis (cNTS versus DMNV). When ANOVA results revealed a significant effect of a factor (or factorial interaction), the analysis was followed by a Bonferroni post hoc test when appropriate and reported by a symbol in the figures. The ANOVA results are reported in Table 1 or the figures.
Data were analysed using Statview 5.0 (SAS Institute, Cary, NC, USA).
All data are presented as means ± SD. For all analyses, the significance level was established at P ≤ 0.05.
RESULTS
Sex had no significant effect on any of the variables considered in the analysis (Table 1) . Thus, to facilitate visualization of the main results, data from males and females were pooled before being reported graphically (Figure 1 ). Data show that the density of Iba-1 + microglial cells was greater in NMS pups than in control pups (13% increase in the cNTS, 12% in the DMNV; Figure 1c ). Stress had no effect on the nearest neighbour distance; however, the nearest neighbour distance measured in the DMNV was 20% larger than in the cNTS in control pups (Table 1) . Consistent with this observation, the arborization area of DMNV cells was 12% inferior in the DMNV than in the cNTS (Figure 1d ). In comparison to non-stressed control pups, Iba-1 + cells of NMS pups were characterized by a 26% reduction of their arborization area and a 27% larger soma (Figure 1d and Table 1 ). As a result, the morphological index measured in cells from NMS pups was higher than that of control pups; the largest difference (81%) was observed in the DMNV (Figure 1e ).
Western blot analysis of CX 3 CR 1 expression in medullary tissue was not influenced by stress but was significantly greater in males than in females (Figure 2a,b) . Neither sex nor stress affected fractalkine expression, whether bound or cleaved (Figure 2c -e).
DISCUSSION
Based on systemic and cellular evidence indicating that NMS augments synaptic connectivity in the DMNV of males (but not females; Baldy et al., 2017) , the present study explored the possibility that microglia and CX 3 CL 1 /CX 3 CR 1 signalling are important effectors in this process. We first noticed that in comparison to tissue from control pups, NMS augments the density of microglia and promotes an amoeboid morphology in the medullary structures investigated, especially in the DMNV. In mature microglia, a larger size of the soma generally reflects an increased transcriptional activity, but in the developing brain the reduced arborization and larger soma are generally indicative of immaturity (Harry, 2013) . Thus the observations made here suggest that the delayed maturation resulting from NMS could compromise microglial ability to perform synaptic pruning.
Microglial density measured in control pups was comparable to values reported in studies investigating the rostral region of the rat NTS at a similar age (Riquier & Sollars, 2017) . However, the lack of sex-based differences in density or morphological features contrasts with previous observations in the cortex, hippocampus, paraventricular nucleus and amygdala of rats, where males began to show increased microglial numbers compared with females after perinatal testicular androgen secretion (Schwarz, Sholar, & Bilbo, 2012) .
This difference is intriguing because it suggests that the development of medullary microglia has unique properties that contrast with other brain regions. This hypothesis is supported by a recent study comparing microglial responses to thyroid hormone using cell culture from the medulla versus cerebral cortex (Rousseau, Kitazono, Yoshioka, Noda, & Kinkead, 2018) . Although new and highly promising, this concept warrants further investigation. An increase in microglial density has also been reported in the hippocampus of P14 mice pups after a similar NMS protocol (Delpech et al., 2016) ; however, magnitude of the effect reported in Figure 1 of the present study was more modest. During development, microglial density in the rostral NTS of rats peaks near P14, and a 'ceiling effect' has been suggested to explain the small increase in density after transection of the chorda tympani nerve (Riquier & Sollars, 2017) . Although the rostral and caudal regions of the NTS are functionally distinct, there might be a similar explanation for the limited effects of NMS in the medulla.
CX 3 CL 1 is a chemotactic cytokine that stimulates the directed migration of microglia with consequences for synaptic pruning during early life (Maciejewski-Lenoir, Chen, Feng, Maki, & Bacon, 1999; Paolicelli et al., 2014) . Whether cleaved or bound, the absence of an effect of stress on the expression of CX 3 CL 1 that we measured 
F I G U R E 2 Analysis of fractalkine signalling in medullary homogenates from male and female rats using western blots. The analysis emphasizes sex-based differences, because stress had no significant effect on signal intensity. (a) Representative immunoblots illustrating sex-based differences in band intensity for CX 3 CR 1 . (b) Mean relative expression intensity for males (blue) and females (red). (c) Representative immunoblots illustrating the two CX 3 CL 1 bands (bound and cleaved). (d, e) Histograms reporting the mean band intensity for bound CX 3 CL 1 (d) and cleaved CX 3 CL 1 (e) in both sexes. Data are shown as means + 1 SD. Numbers in parentheses indicate the number of animals in each group. * Significantly different from females at P < 0.05. Full image immunoblots were provided during peer review in the present study could suggest that this chemokine is not involved. These results must be interpreted cautiously owing to the lack of spatial resolution with western blots, thus preventing us from discriminating the DMNV and NTS regions; however, they raise the possibility that another mechanism, such as the classical complement cascade proteins C1q and C3 (Schafer et al., 2012) , is affected by NMS and thus compromises the ability to perform synaptic pruning.
Maternal immune activation is another form of stress that interferes with brain development. At P15, the increased number of dendritic spines observed in the granule cells of males (but not females) mice that experienced maternal immune activation during gestation suggests a deficit in synaptic pruning (Fernández de Cossío, Guzmán, van der Veldt, & Luheshi, 2017) . As this effect of maternal immune activation is associated with a sex-specific (males only) decrease in CX 3 CR 1 mRNA expression in the hippocampus for the abnormally elevated synaptic activity observed in the DMNV of NMS pups . This, in turn, might contribute to abnormal laryngeal chemoreflex function in these animals .
